The regenerative potential of brain has led to emerging therapies that can cure clinico-motor deficits after neurological diseases. Bone marrow mononuclear cell therapy is a great hope to mankind as these cells are feasible, multipotent and aid in neurofunctional gains in Stroke patients. Aims: This study evaluates safety, feasibility and efficacy of autologous mononuclear (MNC) stem cell transplantation in patients with chronic ischemic stroke (CIS) using clinical scores and functional imaging (fMRI and DTI). Design: Non randomised controlled observational study Study: Twenty four (n=24) CIS patients were recruited with the inclusion criteria as: 3 months-2years of stroke onset, hand muscle power (MRC grade) at least 2; Brunnstrom stage of recovery: II-IV; NIHSS of 4-15, comprehendible. Fugl Meyer, modified Barthel Index (mBI) and functional imaging parameters were used for assessment at baseline, 8 weeks and at 24 weeks. Twelve patients were administered with mean 54.6 million cells intravenously followed by 8 weeks of physiotherapy. Twelve patients served as controls. All patients were followed up at 24 weeks. Outcomes: The laboratory and radiological outcome measures were within normal limits in MNC group. Only mBI showed statistically significant improvement at 24 weeks (p<0.05) whereas the mean FM, MRC, Ashworth tone scores in the MNC group were high as compared to control group. There was an increased number of cluster activation of Brodmann areas BA 4, BA 6 post stem cell infusion compared to controls indicating neural plasticity. Cell therapy is safe and feasible which may facilitate restoration of function in CIS.
Introduction
The frightening incidence of stroke in society has fuelled interest in regenerative medicine to repair brain after an acute insult or restore maximum functionality in the shortest possible time. [1] It is also a well known fact that more than half of stroke survivors are dependent on care givers. [2] These findings have led the researchers to develop newer therapies and cell transplantation is one such hope which holds a great promise. Two reviews, six clinical trials and one case report have been published [3] with stem cell therapy in ischemic and hemorrhagic stroke. [4] [5] [6] [7] Embryonic, fetal neural, immortalised cell lines, human umbilical cord blood and bone marrow derived cells have been exploited in stroke, aiding in recovery through secretion of neurotrophic factors, promoting endogenous repair and preventing apoptosis. [8] 
Hematopoietic stem cells (HSC)
It has been postulated in rat models and clinical trials that bone marrow mononuclear stem cells are capable of neurogenesis and angiogenesis modulating the 'host environment'. [9] Mononuclear stem cells have been experimented in preclinical studies [10, 11] suggesting increased angiogenesis in penumbral tissue following CD34+ cell transplantation, whether given systemically or by the intracerebral route. [12 13] The aforementioned reports demonstrated a good functional recovery, as well as reduction in infarct size. A number of clinical trials are currently underway investigating the role of bone-marrow-derived mononuclear stem cell therapy at different stages of ischemic stroke and utilising different methods of delivery but the results of same are awaited. [14 -17] 
Functional Recovery in stroke
Recovery in stroke has been widely explained by neural plasticity. Spontaneous recovery occurs within 3 months of an insult followed by a plateau phase which can be remodelled by external and internal inputs. [18 19] Longitudinal studies of recovery after stroke suggest that only 50% of patients with significant arm paresis recover useful hand function. Injuryrelated and use-dependent cortico-motor reorganization has been extensively studied as a recovery process following stroke. [20] Functional imaging provides an excellent information about neurobiology at cellular and molecular levels that occur post stroke by acting as surrogate markers providing insights into spontaneous and therapy induced recovery after stroke. [21] Blood Oxygen Level Dependent (BOLD) and diffusion tensor imaging (DTI) techniques predict the functionality of brain areas and evaluate integrity of white matter tracts i.e., corticospinal tracts (CST) optimising the motor recovery potential [22] .
Cell transplantation as a neurorestorative therapy
The exact timing for cell transplantation has not been well defined because of the dynamic modifications of the ischemic lesion's environment. [23] Cell transplantation in the acute phase of stroke has been thought to encounter difficulties due to the hostile lesion environment generated by the acute inflammatory agents i.e., cytokines. [3] Some studies have reported an increased synaptophysin expression in the penumbral tissue after intravenous administration of human bone marrow stromal cells. [24] Thus it is advisable to delay transplantation until neurological deficits reach a plateau where any further spontaneous recovery is unlikely.
The principle of restorative therapies is based on the concept of reorganizing brain, promoting implicit learning in the cortex with the lesion. [18] Initially, it was thought that cell therapy might work by 'cell replacement' mechanism, however recently a good amount of evidence has emerged suggesting that cell therapy works by providing trophic or 'chaperone' support to the injured tissue and brain. [25] The present stem cell research studies the safety, feasibility and efficacy of intravenous autologous mononuclear stem cells in chronic ischemic stroke. It also studies cortical reorganisation by functional imaging techniques i.e., BOLD and DTI when patients were administered with mononuclear stem cell therapy with physiotherapy regime for 8 weeks.
Methods
Patients diagnosed with ischemic stroke from 3 months to 2 years of index event were recruited with MRC (Medical Research Council) grade of power for wrist and hand flexor / extensor muscles of atleast 2, Brunnstrom stage of recovery: II-IV, NIHSS (National Institute of health stroke scale) of between 4 and 15, conscious and comprehendible. The exclusion criteria were autoimmune disorders, immunecompromised subjects, chronic liver and renal failure, hematological disorders, progressive neurological worsening, unilateral neglect, neoplasia, contraindication to MRI and pregnancy.
This study is a non randomized controlled clinical trial. The trial protocol and informed consent form were approved by the IC SCRT (Institute committee for stem cell research and therapy) and it is registered with CTRI.
Procedures

Bone marrow aspiration, separation and transplantation
Bone marrow (approx 40-50 ml) was aspirated under aseptic conditions from the posterior superior iliac crest in twelve (n=12) chronic ischemic stroke patients. Bone marrow aspirate was diluted with phosphate buffered saline, layered over ficoll density medium and centrifuged at 1800 rpm for 25 minutes. Bone marrow mononuclear cells (BM-MNC) layer was collected, their sterility and viability was maintained before transplantation. MNC count and number of CD 34 + cells (flow cytometry method) were counted for each patient (table 1) . The whole procedure took approximately 120  10 minutes, i.e.,approximately 2 hours [17] . The twelve patients where the cells were given in a sterile 50 ml syringe which was directly dissolved in 250 ml of saline bottle and infused intravenously over three hours.
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Method of selection
Although it was a non-randomized trial, it was made sure that the patient selection for stem cells was unbiased and the two groups were matched according to the age, severity, time of onset of stroke and lesion size. All the patients were examined by a neurologist and a neuro-physiotherapist for strength, tone (modified Ashworth), Brunnstrom stage of stroke recovery, Fugl Meyer (FM) scale for upper limb and modified Barthel Index (mBI) at baseline, 8 weeks and at 24 weeks of stem cell transplantation [26 27] along with functional MRI (BOLD and DTI). We used Edinburgh handedness inventory to assess hand dominance. [28] A neurologist helped in treatment allocation but was not a part of the study. The radiological and imaging variables were blinded by a one of the authors. The physiotherapy intervention was based on the concept of mirror therapy and motor imagery [29 30] . The treatment was administered by a qualified physiotherapist for 5 days/week for 8 weeks for 80-90 minutes.
Functional MRI and acquisition
Subjects were asked to perform the motor task with affected hand, with self-paced (minimum 0.5Hz) fist clenching/extension of the wrist or metacarpophalangeal (MCP) joints of the hand depending upon the extent of motor damage. To have consistency of rate of motion and to reduce artefacts, the movement was visually monitored using a remote digital camera. Blood oxygenation level dependent (BOLD) data was acquired using the gradient echo planar imaging (EPI) sequence using 1.5T MR scanner (Avanto, M/s. Siemens Medical Solutions, Germany) with a standard head coil. Block design with alternate baseline and activation cycles was used with a total of 90 whole brain EPI measurements with (TR=4520ms, TE=44ms, slices=31, slice thickness=4 mm) after a dummy scan of 2 measurements with same parameters and MPrage sequence with 176 contiguous slices of 1.0 mm thickness [31] .
Diffusion Tensor Imaging
Diffusion tensor images were acquired with single shot echo planar technique with b values 0, 400, 1000 s/mm 2 in twenty directions, 128×128 matrix, field of view: 230 × 230 mm, TE = 76 ms, TR = 10,726 ms, Echo planar imaging (EPI) factor = 127, slice thickness of 2.3 mm. The termination criteria used were Fractional anisotropy (FA) < 0.2 with an angle change >45•. Seed points as region of interest (ROI) were drawn in the infarcted area and corticospinal tract (CST) portion in the affected and unaffected hemisphere 31 . The selection of ROIs was repeated thrice by one rater and the average value was regarded as the unit of measurement. Fiber tracts passing through these ROIs were designated as the final tracts of interest. The fractional anisotropy (FA) indices and apparent diffusion co-efficient (ADC) values were calculated in the drawn ROIs.
Post-processing
FMRI data were analysed using SPM2 software under MATLAB environment (Mathworks). The functional images were realigned, normalised and then smoothened by a 6-mm Gaussian filter. Design matrix was created with MNI (Montreal Neurological Institute) co-ordinates with the number of cluster counts activated. These MNI co-ordinates were correlated with Talairach's atlas to get the anatomical location in the brain. The volume of the lesion was analysed using J-IMAGE software (NIH).
Statistics
The statistical analysis was done by SPSS 11.5. We used parametric tests for FM and mBI scores and non-parametric tests for functional MRI analysis between groups. We used paired t-test for intra group and independent sample t-test for inter group comparisons with p=0.05. Repeated measures ANOVA was used to calculate the difference at baseline, 8 weeks and at 24 weeks.
Results
Twelve patients were administered with bone marrow derived mononuclear stem cells. All the patients had ischemic stroke in the mononuclear stem cell (MNC) group with seven patients (n=7) with right hemisphere lesion and five patients (n=5) with left hemisphere lesion.
Safety of stem cell transplantation
The routine laboratory tests at 1st, 3rd and 7th day of transplantation were performed which were within normal limits for all patients in the stem cell group. The cells had an average viability of 99% before transplantation. The transplanted cells were unfractionated mononuclear stem cells but CD 34+ was quantified to evaluate the proportion of these cells in the implanted volume. The mean CD 34+ count was 0.304% with mean 54.6 x 10 6 MNC (table 1) diluted in 250 ml of saline, infused intravenously in the arm vein. There were no major immediate or delayed adverse reactions observed at the time of bone marrow aspiration, during and after MNC transplantation. Two of the patients reported pain at the site of bone marrow aspiration which was treated. We did not observe any infection, bleeding, edema, thrombus formation, cardiovascular and neurological deterioration up to six months.
Clinical results
The demographic data, the time of stroke onset and the lesion site along with the clinical scores of Fugl Meyer scale (FM) and modified Barthel index (mBI) in stem cell and control group are shown in table 1 and 2 respectively. In the mononuclear stem cell group (M:F=11:1), (mean age + SD = 46.5  10.9), the mean baseline FM score was 20.08  8.8 and at 8 weeks was 33.56 10.62, showing statistically significant improvement using paired t-test (p = 0.0001, t= -9.93). The follow up at 24 weeks had a mean FM of 40.33 which was higher than the mean at 8 weeks in these patients exhibiting statistical significant improvement (p=0.0001, t=-12.80). Repeated measures ANOVA was used to compare baseline, 8 weeks and 24 weeks scores and was found to be statistically significant (p<0.05). The mean mBI in the stem cell group at baseline, 8 weeks and 24 weeks was 48.75  10.56, 68.75  12.27 and 78.6  11.34 respectively showing statistical significant improvement (p<0.05). The male to female ratio in the control group was 10:2, with mean age + SD =47.08  9.9. The mean baseline FM score was 21.08  8.15 and at 8 weeks was 32.41  9.49 showing statistically significant improvement (p<0.05). These patients also showed statistically significant improvement for mBI scores between baseline and 8 weeks and between (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) weeks (p<0.05).
Functional MRI results
BOLD activation was observed in the primary motor cortex (BA 4), precentral gyrus, supplementary motor area, premotor area (BA 6), inferior temporal gyri and cerebellum. Since there was variability in the number of active voxels in the brain, we calculated the laterality index (LI) of the contralateral/ ipsilesional hemisphere. The LI of ipsilesional BA 4 and BA 6 showed statistically significant improvement when measured between baseline and 8 weeks (p=0.005 and p=0.02 respectively) (table 3). Similar results were observed in the control group (p=0.04 and p=0.05 respectively). Both the results were non-significant when measured between 8 and 24 weeks (p= 0.208 and p= 0.225 respectively).
The Fractional Anisotropy (FA) ratio was calculated as FA of the affected hemisphere (ah) divided by the unaffected hemisphere (uh) i.e., (FA ah / FA uh ). The FA values of the affected hemisphere were lower as compared to the unaffected hemisphere in both the groups. These values correlated well with the Fugl Meyer score, with a lower FA having a low FM and higher FA (> 0.6) with a higher FM score predicting good motor recovery (Steiner, Barber., et al 2007) . We also calculated the number of fibres and fibre length in the given ROI of affected and unaffected hemispheres. We calculated the fibre length ratio of affected hemisphere to unaffected hemisphere (FL ah / FL uh ) and the ratio of the fibre number (FN ah / FN uh ) . In the stem cell / experimental group, the mean fibre length (mm) in the affected hemisphere at 0 week was 19 Table 2 . Demographic and clinical data in the control group at baseline, 8 weeks and 24 weeks.
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Between group comparisons
Two sample t-test was applied for inter group comparison and there was no significant difference observed in Fugl Meyer score at 8 weeks and 24 weeks (p = 0.79 and p=0.61 respectively) (figure 1) but mBI showed statistically significant improvement in the MNC/ stem cell group as compared to control group (p = 0.058 at 8 weeks and p =0.026 at 24 weeks) (figure 2). Table 3 . BOLD brain activation pattern and voxel counts in BA 4, BA 6 and cerebellum in the mononuclear stem cell group. The Laterality index of ipsilesional BA 4 and 6 between stem cell and control group showed a statistically significant difference (Kruskal wallis test) at 8 weeks (p= 0.0001 for BA 4 and p= 0.003 for BA 6) but was non-significant at 24 weeks. There was no significant change in the FA ratio, fiber length (FL) ratio and fiber number (FN) ratio between the two groups at 8 weeks and 24 weeks.
We compared the BOLD activation of both right and left hemispheric lesion stroke in the stem cell/ MNC group with the control group at 8 weeks and at follow up. When the right hemispheric lesion stroke was compared with the control group patients, it was found that the premotor cortex of the affected (right) hemisphere were active with a cluster count of 199 voxels along with the inferior parietal lobe of both the hemispheres at 8 weeks. At 24 weeks, there were 150 voxels active in right BA 6 along with limbic and frontal lobe areas as compared to the control group (table 4) ( figure 3 ). In the left hemispheric lesion stroke, it was found that ipsilesional primary and premotor cortices were active along with the areas involved in the activation of mirror neurons. The results were similar at 24 weeks with cluster activation 258 voxels and 110 of BA 6 and BA 40 each respectively (data not shown).
Discussion
The mononuclear stem cells were easy to procure from the bone marrow and had an average viability of 99% before transplantation which is similar to what is described in previous trials [9 10 11] . Data from Kondziolka et al [5] showed that stem cell transplantation was no better or worse at reducing the risk of death, compared to routine treatment alone (95% CI 0.01 to 2.31, p=0.16). Our patients with stem cell transplantation did not report neurological worsening or any new chief complaints during the time they were followed up. The laboratory reports were normal and radiological evaluation did not show any new structural abnormality or stroke re-occurrence. Thus the safety, feasibility and tolerance of autologous MNC transplantation in stroke patients were established.
Our study has similar findings with other published trials having no adverse reactions, mortality or any other risk factors involved with MNC administration of up to 50-60 million cells in chronic stroke patients. The dose of stem cells prescribed in our study was in congruence with the previous trials and the current ongoing studies. [18, 19] The earlier intervention groups received 50 million cells twice [8, 9] , 200 million or 400 million cells once [5, 6] and 5 or 10 million cells once [9] in stroke patients. The recent study of BM MNC in stroke intralesionally transplanted mean 34.6 million cells in stroke patients. [10] P186 
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The stem cells / MNC group had nine cortical and 3 sub cortical infarcts, with volume of lesion between (6.2-43 ml) and control arm had seven cortical and five sub cortical strokes with lesion volume (5.8-35 i.e 34.6 ml). All patients in both the groups improved significantly at 8 weeks and at follow up with an exceptional improvement in a patient (id 8) with a high FM=60 and mBI=98. To avoid ethical issues, we did not include a group without physiotherapy in the trial.
The clinical and functional outcomes measures that we used were Fugl Meyer (FM), modified Barthel Index (mBI), MRC grade for power, Ashworth tone grade scale and NIHSS (National Institute of Health Stroke scale). The previous trials had outcome measures as BI, FM, mRS, European Stroke Scale (ESS) and have observed statistically significant difference in BI at 3 and 6 months (p=0.011) [5, 6] . On comparing the stem cell with control group, it was observed that there was no difference in the FM score at 8 weeks (p>0.05) and at follow up of 24 weeks, but the mBI scores showed statistical significant improvement both at 8 weeks and 24 weeks (p < 0.05). In the stem cell group, the mean percentage change in FM score between (0-8 weeks) was 67.5% and between (8-25 weeks) was 21.19% and in the control arm was 52.4% and 17.7% respectively. The change from baseline (0 week) to 24 weeks in the MNC group was 95% as compared to 81% in the control arm. The above results suggested that mononuclear stem cells may have aided the behavioral and functional recovery as compared to the control group patients. We also observed reduction in pain, reduced spasticity in few patients and improvement in speech in two patients in the experimental group. However, we did not find a significant change in the power of the wrist and hand muscles.
The laterality index (LI) changed in few patients in both the groups i.e., patients (id 1,2,3 and 8) in the stem cell group and patients (id 4,5,9,12) in the control group (table 3) . At baseline, we observed an increased activation in supplementary motor cortex (BA 6) than the primary execution area (BA 4) in some patients (recruitment principle of plasticity) (figure 4), irrespective of the hand cortical area being fully damaged / partially damaged or spared, but after physiotherapy regime for 8 weeks, it was observed that primary hand motor area had increased number of voxels (focussing principle of neural plasticity) [31, 32] . It was found that vigorous exercise training of the hand led to an increased force of activation, which was also reflected in the signal change of ipsilesional BA 4 (figure 3), and when the physiotherapy regime was withdrawn a decreased BOLD activation was observed which could be due to "learned non use". We calculated ipsilateral cerebellum ratio to know the activity of cerebellum and observed that ipsilateral and contralateral cerebellum to the hand were active in all the patients stating its role in co-ordination, motor control and sequencing but we could not come to a conclusive evidence to state which sided cerebellum is active which is similar to the previous report.
[ 33] The site and size of stroke lesion has been studied assessing functional MRI response in MCA stroke suggested that with recovery, greater recruitment was observed of the affected primary motor cortex (M1) and a decrease in activation of the unaffected M1 and supplementary motor area. In addition, the widespread activation of brain areas seen during the initial session changed to a more focused pattern of activation as the patient recovered. [34] Our study reconfirmed the observation that FA index is a sensitive measure reflecting change in the integrity of the motor tracts, i.e., corticospinal tracts (CST) [35] . Lower FA ratio suggests deterioration of the CST leading to Wallerian degeneration. It was observed that nine (n=9) out of twelve patients (n=12) in the stem cell group showed good recovery at follow up with FA > 0.6 as compared to control group in which only seven out of twelve improved (figure 5).
We observed a small change in the fibre length ratio of 0.11mm in the stem cell group and 0.07 mm in the control group at follow up in comparison to 8 weeks. This may be due to recovery over time and other factors such dendritic sprouting and axonal remodelling hypothesized by the stem cell therapy [36] augmenting functional recovery. There was no change in the fibre number ratio (FN ratio) between the groups. The mean FN ratio at 0, 8 weeks and 24 weeks were 0.30, 0.40 and 0.49 at the determined ROIs in both the groups.
Motor imitation is a complex cognitive function that incorporates motor observation, imagery and execution which increases the excitability of the corticospinal pathway. It was observed that premotor cortex, dorsolateral prefrontal cortex and the primary hand motor area were highly active [30] . We chose intravenous route as it is safer and feasible as compared to intrastriatal. [37, 38] Studies have observed cellenhanced recovery with chronic delivery of cells even at 1 month after ischemia [39] and homing in to the infarcted regions. However, the best route of transplantation still needs to be established considering the specific cell type or the mechanism of action underlying the beneficial effect.
It is also postulated that stem cells operate not through a unidirectional mechanism i.e. forming neurons but rather as cellular mediators of many of biological mechanisms that could provide a favourable recovery in a neurological disease. Our aim to administer stem cells intravenously was not with the hypothesis only that stem cells will migrate preferentially to the injured cortex but more likely that the intravenously administered stem cells will help in upregulation of growth factors within the body and brain making the host environment conducive for behavioral recovery in the form of 'learning'. [18] Enriched environment, physical activity, stress or molecules such as BDNF, VEGF and dextroamphetamines lead to reorganization of brain areas. We used autologous stem cells as 'stimulant' which enriched the host environment leading to cortical reorganization and clinical improvement. [40] There can be an argument regarding the psychoimmunological / placebo effects of mononuclear stem cells showing statistical significant improvement in one of the outcome measures, but it must also be taken into consideration that placebo effect would have been more "early" after the stem cell transplantation than observed at six months. Our results when evaluated on activities of daily living measure (mBI) have shown statistically significant improvement at 8 weeks in combination with the physiotherapy regime and at 24 weeks when physiotherapy was withdrawn, which may rule out psycho-immunological effect by stem cells.
A definite conclusion regarding the efficacy of mononuclear stem cell transplantation intravenously cannot be drawn from our results and we acknowledge our limitations which were : a small sample size, non-randomized trial, dose of cells, site / mode of transplantation, recovery factors post stroke and lack of in vivo monitoring of the intravenously transplanted cells. Nevertheless our results showed a high mean of FM, mBI, LI and FA ratios in the mononuclear stem cell group as compared to the patients who were administered with physiotherapy regime only.
Our study used BOLD contrast and diffusion tractography to study the functional recovery after stroke which can be a quantifiable outcome measure and is the first stem cell study using functional MR modalities. BOLD technique could study the neurobiological mechanisms of treatment i.e., the administration of autologous stem cells and physiotherapy. We studied cortical reorganization in stroke subjects by measurement of laterality index (LI), fractional anisotropy ratios (FA), signal intensity change of the activated hemisphere and the fibre tract density and length. More clinical trials are needed to validate the efficacy of stem cells. [41] 
Conclusion
Autologous bone marrow derived mononuclear stem cells are safe and feasible in chronic ischemic stroke. Cell therapy with physiotherapy regime led to a trend of improvement in clinical and fMRI scores at 8 weeks as compared to physiotherapy alone and the changes lasted till 24 weeks. Stem cells are proposed to act as 'Trojan horses' in the atrisk nervous tissue by stimulation of repair mechanisms leading to behavioral recovery after stroke.
